Loss of the epithelial adhesion molecule E-cadherin is thought to enable metastasis by disrupting intercellular contacts-an early step in metastatic dissemination. To further investigate the molecular basis of this notion, we use two methods to inhibit E-cadherin function that distinguish between E-cadherin's cell-cell adhesion and intracellular signaling functions. Whereas the disruption of cell-cell contacts alone does not enable metastasis, the loss of E-cadherin protein does, through induction of an epithelial-to-mesenchymal transition, invasiveness, and anoikis resistance. We find the E-cadherin binding partner B-catenin to be necessary, but not sufficient, for induction of these phenotypes. In addition, gene expression analysis shows that E-cadherin loss results in the induction of multiple transcription factors, at least one of which, Twist, is necessary for E-cadherin loss-induced metastasis. These findings indicate that E-cadherin loss in tumors contributes to metastatic dissemination by inducing wide-ranging transcriptional and functional changes. [Cancer Res 2008;68(10):3645-54] 
Introduction
On progression to high-grade neoplasia, cancer cells acquire qualities that enable them to invade neighboring tissues and, ultimately, to metastasize. The steps involved in metastatic dissemination include loss of cell-cell adhesion, increased motility and invasiveness, entry into and survival in the circulation, dispersion to distant anatomic sites, extravasation, and colonization of some of those sites (1) . Whereas significant progress has been made in identifying molecular alterations responsible for primary tumor growth, the signaling pathways that regulate metastatic progression are less clear.
One protein prominently associated with tumor invasiveness, metastatic dissemination, and poor patient prognosis is the epithelial cell adhesion molecule E-cadherin (2) (3) (4) . The significance of E-cadherin for metastasis has been shown in a variety of in vitro and in vivo models (5) (6) (7) (8) . E-Cadherin is a single-span transmembrane glycoprotein that establishes homophilic interactions with adjacent E-cadherin molecules expressed by neighboring cells, thereby forming the core of the epithelial adherens junction (9, 10) .
In its cytoplasmic domain, E-cadherin associates with a number of proteins, including three catenins (a, h, and p120), which link E-cadherin to the actin cytoskeleton.
In light of its well-established function in maintaining adherens junctions, E-cadherin loss ostensibly promotes metastasis by enabling the first step of the metastatic cascade: the disaggregation of cancer cells from one another. However, it has been unclear whether E-cadherin loss also supports the successful completion of additional steps of the invasion-metastasis cascade. Previous work has revealed that several structural proteins associated with adherens junctions can also mediate intracellular signaling functions (11) (12) (13) (14) . Accordingly, E-cadherin loss may result in the activation of specific downstream signal transduction pathways that, in turn, confer traits on cancer cells facilitating completion of the later steps of metastasis.
In human tumors, loss or reduction of E-cadherin expression can be caused by somatic mutations, chromosomal deletions, proteolytic cleavage, and silencing of the CDH1 promoter (15) (16) (17) (18) . Such silencing can occur either by DNA hypermethylation or through the action of transcription factors such as Slug, Snail, and Twist (19) (20) (21) (22) . These transcription factors were initially identified because of their role in mesoderm development, where they trigger epithelial-to-mesenchymal transitions (EMT) that involve, among other changes, the repression of E-cadherin expression (23) . It has also become increasingly evident that these transcription factors play important roles in tumor progression (24) . Given the known correlation between loss of E-cadherin expression and the up-regulation of these transcription factors, we were interested in learning whether the loss of E-cadherin is just one manifestation of the multicomponent EMT program that is activated in tumors or whether, alternatively, E-cadherin itself acts as a pleiotropic regulator of cell phenotype, enabling it to function as a master regulator of cell behavior.
In the present work, we examine whether loss of cell-cell contacts is the sole contribution to metastasis provided by E-cadherin loss. We find, instead, that multiple transcriptional pathways are activated on E-cadherin loss, at least two of which contribute to the later steps of metastatic dissemination. Thus, our findings reveal a complex transcriptional network that is controlled by the E-cadherin molecule.
manufacturer's instructions. Treatment with the glycogen synthase kinase (GSK) inhibitor BIO (Calbiochem) was done for 6 h at 1 Amol/L concentration.
Plasmids. Sequences targeting the E-cadherin and h-catenin shRNAs were taken from the website of the RNAi consortium at the Broad institute and cloned into the PLKO-puro and PLKO-hygro vectors 6 (26) . E-Cadherin and h-catenin targeting sequences are GCAGAAATTATTGGGCTCTTT and GCTTGGAATGAGACTGCTGAT, respectively. Control shRNAs were either targeted against GFP or a nonfunctional E-cadherin shRNA. Twist shRNA expression vector was previously described (22) . Wild-type and dominantnegative mutant E-cadherin cDNAs (gifts of Dr. Gerhard Christofori, Department of Clinical Biological Sciences, University of Basel, Basel, Switzerland) were expressed from the pWZL-blasticidin vector. pBpDN90h-catenin vector was used as described (27) .
Viral production and infection of target cells. Viral production and infection of target cells were previously described (26) . Infected cells were selected with 2 Ag/mL puromycin, 200 Ag/mL hygromycin, and 10 Ag/mL blasticidin.
Antibodies, immunoblotting, immunofluorescence, and histology. Antibodies used were E-cadherin, a-catenin, h-catenin, g-catenin, N-cadherin (BD Transduction), phospho-h-catenin, phospho-GSK3h, GSK3h (Cell Signaling), vimentin V9 (NeoMarkers), actin, tubulin (Abcam), H-Ras (Santa Cruz Biotechnology), fibronectin (Sigma), and cytokeratin 8 (Troma-1, Developmental Studies Hybridoma Bank, University of Iowa). Twist monoclonal antibody was used as previously described (22) . For immunohistochemical staining, anti-large T antigen (Santa Cruz Biotechnology) and anti-E-cadherin (Cell Signaling) antibodies were used as described (25) .
Anoikis assays. Cells (75,000) were seeded onto six-well ultra-low attachment plates. After 24 or 48 h, cells were harvested and incubated at 37jC with 0.25% trypsin for 5 min to prevent cell aggregation. Viable cells were counted using trypan blue. For fluorescence-activated cell sorting (FACS) analysis, we used the ApoAlert Annexin V-FITC Apoptosis Kit (Takara-Bio) according to the manufacturer's instructions and used a FACSCalibur flow cytometer (Becton Dickinson).
Motility and invasion assays. Cells (5 Â 10 5 ) were resuspended in a 1:1 mixture of DME:F12 and placed into uncoated or Matrigel-coated Transwell inserts containing 8-Am filters (BD Falcon) in triplicate. The bottom wells contained DME:F12 media with growth factors, insulin (10 Ag/mL), epidermal growth factor (10 ng/mL), and hydrocortisone (1 Ag/mL). After 12 or 16 h, the cells on the upper surface of the filters were removed with a cotton swab. The filters were fixed and stained with a Diff-Quick staining kit (Dade Behring) and photographed. The migrated cells were then counted.
In vivo tumorigenesis and metastasis assays. Nonobese diabetic, severe combined immunodeficient (NOD-SCID) mice (propagated on site) and nude mice (NCR nude; Taconic) were used in these studies, and all protocols were approved by the Massachusetts Institute of Technology Committee on Animal Care. Nude mice received 400 rad of g-radiation using a dual 137 Cs source 1 day before tumor cell injection. Mice were anesthetized with either avertin or isoflurane. For orthotopic injections, 1 million cells in 20 AL of Matrigel (Becton Dickinson), diluted 1:2 in DME, were injected into each of two mammary glands per female NOD-SCID mouse. For s.c. injections, 1 Â 10 6 cells in 100 AL of Matrigel diluted 1:2 in DME were injected at each of two sites per nude mouse. Tumor diameters were measured biweekly using precision calipers. Primary tumor-bearing animals were sacrificed when the tumors reached a diameter of 2 cm. For tail vein injections, 5 Â 10 5 cells in 200-AL PBS were injected per NOD-SCID mouse and the mice were sacrificed 8 wk postinjections.
Visualization and quantification of GFP-labeled lung metastases. On necropsy, lungs of injected mice were removed and examined under a Leica MZ 12 fluorescence dissection microscope. Images of lung lobes were captured at identical settings. The amount of metastatic burden was quantified using ImageJ 7 and expressed as a percentage of the total lung area captured (28) .
Microarray hybridization, data collection, and analysis. Total RNA was extracted from three independent culture plates for each cell type with an RNeasy Mini kit (Qiagen). Synthesis of cRNA and hybridization/ scanning of microarrays were done with Affymetrix GeneChip products as described in the GeneChip manual. Normalization of the raw gene expression data, quality control checks, and subsequent analyses were done using the open-source R-project statistical software 8 (29) in conjunction with Bioconductor packages. Raw data files (.CEL) were converted into probe set values by RMA normalization. Hierarchical clustering with complete linkage was done on the probe set data using the Euclidean metric. The probes used for hierarchical clustering and heatmap generation were identified on the basis of their consistent up-regulation and down-regulation across a set of isogenic lines that were induced into EMT using a variety of inducers: Twist, TGF-h, Snail, or Goosecoid overexpression (to be described in detail elsewhere). 9 The identified probes constitute an EMT expression signature whose targets are >3-fold upregulated or down-regulated in each of the cell lines induced into EMT relative to vector control cells that were not induced into EMT. 9 The microarray data have been deposited in National Center for Biotechnology Information Gene Expression Omnibus (GEO) and are accessible through GEO Series accession number GSE9691.
SYBR green real-time reverse transcription-PCR. Reverse transcription-PCR (RT-PCR) analysis of twist was carried out as described (22) .
Results
Characterization of in vitro phenotypes resulting from expression of E-cadherin shRNA and dominant-negative E-cadherin. To resolve the role of E-cadherin in cell-cell adhesion from its intracellular signaling functions, we used two distinct methods of inhibiting E-cadherin function: (a) shRNA-mediated knockdown of E-cadherin, which resulted in >90% reduction of E-cadherin protein levels (shEcad), and (b) expression of a truncated form of E-cadherin (DN-Ecad) lacking the ectodomain of the wild-type protein ( Fig. 1A and B) . This truncation product, which retains the cytoplasmic domain, has previously been shown to act in a dominant-negative manner by binding and titrating cytoplasmic proteins associated with the adherens junctions, thereby abstracting them from wild-type E-cadherin molecules (30) .
We expressed both constructs either in immortalized but untransformed human mammary epithelial cells (HMLE) or in ras-transformed derivatives (HMLER). Both types of cells expressing control shRNA (shCntrl) grew in monolayer culture as epithelial clusters with a typical cobblestone morphology, whereas knockdown of E-cadherin and expression of the dominant-negative protein both resulted in loss of cell-cell contacts and cell scattering (Fig. 1A) . This was observed with both the HMLE and HMLER cells ( Supplementary Fig. S1A ).
Whereas the cell populations expressing shEcad and DN-Ecad both lost cell-cell adhesion, the individual cells expressing shEcad displayed, in addition, an elongated, fibroblastic morphology (Fig. 1A) . To confirm that this phenotype was a specific consequence of E-cadherin ablation, we reexpressed E-cadherin in HMLE-shEcad cells. Indeed, expression of an shRNA-resistant murine E-cadherin gene reversed the observed phenotypes, causing shEcad cells to revert to an epithelial morphology and to regenerate a cobblestone growth pattern in monolayer culture ( Supplementary Fig. S2 ).
The acquisition of a fibroblastic morphology by the cells expressing shEcad suggested that these cells had undergone an EMT. To determine whether, in addition to the observed morphologic changes, the molecular alterations associated with an EMT occurred on loss of E-cadherin, we assessed the status of EMT markers in control, shEcad, and DN-Ecad HMLER cells. On shRNA-mediated loss of E-cadherin, expression of mesenchymal proteins such as N-cadherin and vimentin was markedly upregulated ( Fig. 1B and C) . In contrast, none of the mesenchymal proteins was up-regulated in HMLER-DN-Ecad cells (Fig. 1B) . Whereas the expression of adherens junction-associated catenins was maintained in the absence of E-cadherin, epithelial cytokeratins were down-regulated (Fig. 1B) . These observations indicate that complete loss of E-cadherin protein results in an EMT, whereas inhibition of E-cadherin-mediated cell-cell adhesion causes cell scattering without the additional changes in differentiation state associated with passage through the EMT program.
Primary tumor formation and metastatic competence of E-cadherin-inhibited cancer cells. To determine whether E-cadherin perturbation affects primary tumor growth, we injected control HMLER cells and the two E-cadherin-inhibited derivative lines s.c. into nude mice. Whereas all three cell lines generated primary tumors with comparable latencies, tumor growth rates differed slightly among shCntrl, DN-Ecad, and shEcad HMLER cells, with the latter growing most rapidly ( Fig. 2A) . We confirmed that E-cadherin suppression and expression of the dominantnegative construct were maintained during the course of tumor growth ( Supplementary Fig. S3 ). Immunohistochemical staining of tumors with anti-E-cadherin antibodies also supported this conclusion ( Supplementary Fig. S3 ).
We next determined whether metastatic dissemination to the lungs occurred when these various transformed cells were implanted in an orthotopic tissue site-the mammary fat pad. To facilitate detection of microscopic and macroscopic metastases, we engineered the introduced HMLER cells to express the GFP. We controlled for differences in primary tumor growth rates by sacrificing animals when their tumor burden reached a preestablished threshold. Accordingly, the mean primary tumor weights at the end of the experiment were comparable across the shCntrl, shEcad, and DN-Ecad cohorts (Fig. 2B) . In consonance with previous findings (25) , control HMLER cells did not form any macroscopic nodules in the lungs, and only a few GFP-positive cells could be detected as micrometastases in the lungs of animals bearing these tumors (Fig. 2D) . In contrast, animals bearing HMLER-shEcad tumors harbored numerous microscopic and macroscopic metastases in their lungs (Fig. 2D) . In fact, the lung metastatic burden in animals bearing HMLERshEcad tumors covered a substantial portion of the total lung surface ( Fig. 2C and D) . Whereas we did find small numbers of cells in the lungs of mice bearing HMLER-DN-Ecad tumors, macroscopic nodules were never observed. These results indicate that the two modes of E-cadherin inhibition yield cancer cells with qualitatively different metastatic powers.
Because the HMLER-DN-Ecad cells were incapable of forming macroscopic metastases from primary tumors growing at orthotopic sites, we also subjected these cells to a less stringent test of metastatic competence-the ''experimental metastasis'' model, which involves tail vein injection of tumor cells. Using this assay, HMLER-shCntrl cells rarely formed macroscopic nodules in the lungs after an 8-week incubation period (2 nodules in 1 of 5 mice; Fig. 2C and D) . In contrast, HMLER-shEcad cells established numerous lung macrometastases, some of which invaded the rib cage. However, DN-Ecad cells did not form either microscopic or macroscopic lung nodules in any of the mice, thereby echoing the previous results (Fig. 2D) .
Taken together, these observations suggest that whereas the loss of cell-cell contacts does not suffice to impart metastatic competence to cancer cells, the concomitant liberation of adherens junction proteins and other associated proteins from the cytoplasmic tail of E-cadherin indeed suffices to do so. Hence, in addition to promoting dissemination from primary tumor sites via the disruption of cell-cell contacts, E-cadherin loss facilitates the successful completion of one or more subsequent rate-limiting steps of the invasion-metastasis cascade.
Functional differences in cell motility, invasion, and anoikis resistance. To determine the functional changes in cell behavior that occurred following E-cadherin loss, we used several in vitro assays to characterize the control and E-cadherin-perturbed HMLER cells. More specifically, we used Boyden chamber assays to gauge the migratory and invasive abilities of these various cells. Whereas control cells were minimally motile and invasive, E-cadherin loss resulted in a significant increase in both motility and invasiveness (Fig. 3A and B) . However, DN-Ecad cells, whereas more motile than controls (albeit less so than shEcad cells), failed to invade through Matrigel-coated membranes.
Disseminating tumor cells that enter into the bloodstream lose their attachment to the extracellular matrix, resulting in induction of the form of apoptosis termed anoikis (1). Moreover, expression of antiapoptotic molecules that confer resistance to anoikis has been shown to promote metastasis (31, 32) . We therefore set out to evaluate the anoikis sensitivity of DN-Ecad, shEcad, and control HMLER cells. When placed into suspension cultures, the viability of both control and DN-Ecad cells declined dramatically over a 2-day period (Fig. 3C) ; in contrast, shEcad cultures exhibited only a minor decrease in cell number during the same time period (Fig. 3C) . To confirm that loss of viability was indeed a consequence of increased apoptosis, we stained cells from these cultures with Annexin V. Whereas the control and DN-Ecad suspension cultures exhibited a significant fraction of cells undergoing apoptosis, minimal Annexin V positivity was observed in the shEcad cultures (Fig. 3D) .
Taken together, these results indicate that EMT induction upon E-cadherin loss promotes cancer cell invasiveness and enables survival in the absence of substrate attachment. Importantly, the acquisition of these traits was not a direct consequence of the disruption of cell-cell adhesion per se, suggesting that activation of specific signaling pathways following E-cadherin loss is important for the observed phenotypes.
The role of B-catenin in EMT and metastasis induced by E-cadherin loss. A critical intracellular protein associated with the E-cadherin cytoplasmic tail is h-catenin, which has previously been implicated in the induction of EMTs in various contexts (33) (34) (35) (36) (37) (38) . We therefore examined whether E-cadherin loss influenced h-catenin status and whether such change in h-catenin contributed, in turn, to the subsequent induction of EMT. Whereas in control cells h-catenin localization was predominantly associated with cell-cell junctions, shEcad cells exhibited a diffuse cytoplasmic and nuclear localization pattern (Fig. 4A) . Examination of the phosphorylation status of h-catenin in shEcad cells indicated that it was largely unphosphorylated, and therefore present in an active state ( Fig. 4A; ref. 13) . In contrast, a significant amount of h-catenin protein in control cells was phosphorylated and thus targeted for ubiquitylation and degradation (Fig. 4A) .
We next determined whether the observed h-catenin phosphorylation was correlated with the state of GSK-3h, the kinase that is primarily responsible for phosphorylating it, thereby labeling it for subsequent ubiquitylation. Indeed, we found that GSK-3h was largely in a phosphorylated, and therefore inactive, state in HMLER-shEcad cells, in contrast to its unphosphorylated state in control cells (Fig. 4A; ref. 39) . Hence, loss of E-cadherin in HMLER cells was sufficient to liberate h-catenin from its site of sequestration adjacent to the plasma membrane and to permit its survival in an unphosphorylated, stabilized state.
To determine whether h-catenin was functionally active following E-cadherin loss, we inhibited h-catenin expression in HMLERshEcad cells using a lentiviral shRNA vector (shEcad + shBcat; Fig.  4B ). Down-regulation of h-catenin resulted in a slightly reduced growth rate in vitro (Supplementary Fig. S4 ). Importantly, h-catenin knockdown in shEcad cells significantly diminished expression of the mesenchymal proteins N-cadherin, vimentin, and fibronectin (Fig. 4B) . In contrast, the down-regulation of epithelial cytokeratins in shEcad cells still occurred in the absence of h-catenin (Fig. 4B) .
We next assessed whether h-catenin affected cell biological phenotypes associated with metastasis. h-Catenin inhibition in shEcad cells decreased cancer cell invasiveness (Fig. 4C) . In addition, knockdown of h-catenin sensitized shEcad cells to apoptosis specifically when the cells were placed in a suspension culture Figure 4 . h-Catenin is activated on E-cadherin loss and is necessary for E-cadherin-induced EMT. A, immunofluorescence staining for h-catenin (green ) in shCntrl and shEcad cells showing differential localization. Right, nuclear 4 ¶,6-diamidino-2-phenylindole (DAPI ; blue ) staining of the same cells. White arrows, nuclear h-catenin staining observed in the shEcad cells. Immunoblots showing phospho-h-catenin, total h-catenin, phospho-GSK3h, and total GSK levels in either untreated shCntrl and shEcad cells or in the same set of cells treated with DMSO or GSK inhibitor BIO (1 Amol/L) for 6 h. B, expression levels of E-cadherin, h-catenin, E-cadherin, N-cadherin, and vimentin in HMLER-shCntrl, shEcad, and double knockdown cells (shEcad + shhcat) cells examined by immunoblotting. h-Actin is used as a loading control. C, left, HMLER-shCntrl, shEcad, and shEcad + shhcat cells were induced to invade through Matrigel-coated transwell membranes. After 16 h, the invaded cells were fixed, stained, photographed, and counted. Columns, mean of triplicate assays, shown relative to shCntrl cell invasion; bars, SD. *, P < 0.01, compared with shEcad. Right, the percentage of apoptotic HMLER-shCntrl, shEcad, and shEcad + shhcat cells in suspension was determined by binding of FITC-conjugated Annexin V. The FACS analyses were done 24 h after suspension culture. Columns, mean number of Annexin V-positive cells expressed as a percentage of total cells; bars, SD. *, P < 0.01, compared with shEcad. D, representative fluorescence images of mouse lung lobes 8 wk after tail-vein injection of shEcad or shEcad + shhcat cells. GFP signal denotes the presence of tumor cells (left). Quantification of total lung metastasis burden in the same sets of mice. Right, columns, mean of seven mice analyzed; bars, SD. *, P < 0.001. (Fig. 4C) . To assess the contribution, if any, of h-catenin to the metastatic behavior of shEcad cells, we introduced control shEcad and double knockdown (shEcad + shhcat) cells via the tail vein directly into the circulation. We observed that HMLER + shEcad + shhcat cells were significantly impaired in their ability to form lung metastases compared with HMLER + shEcad cells (Fig. 4D) .
Because h-catenin was necessary for various aspects of the EMT occurring following E-cadherin loss, we examined whether h-catenin activation would, on its own, suffice to induce EMT. Overexpression of a constitutively active h-catenin protein did not induce the expression of any mesenchymal markers examined ( Supplementary Fig. S5 ). Taken together, these data indicate that whereas h-catenin was required for changes in the expression of certain biochemical markers associated with the EMT as well as for acquisition of traits facilitating metastasis, it does not suffice on its own to induce these phenotypes.
Gene expression profiling identifies global changes resulting from E-cadherin loss. To obtain an unbiased view of the molecular changes resulting from the liberation of intracellular adherens junction proteins from the cytoplasmic domain of E-cadherin, we compared the gene expression profiles of shEcad, DN-Ecad, and control cells. To avoid the influence of specific oncogenic lesions, we used the immortalized, nontransformed mammary epithelial (HMLE) cells for this analysis. Furthermore, we reasoned that a comparison between shEcad-and DN-Ecad-expressing cells would make it possible to identify those changes in gene expression that were not consequences of the loss of cell-cell adhesion. In addition, we incorporated into this analysis the expression profile of cells in which both E-cadherin and h-catenin were inhibited; this would allow us to evaluate the contribution of h-catenin to the gene expression changes observed following inhibition of E-cadherin.
The global expression profiles revealed that shEcad cells exhibited significantly greater overall differential gene expression relative to control cells than did DN-Ecad cells ( Fig. 5A and B; see Supplementary Tables S1 and S2 for complete lists). Nonetheless, there was an overlap between the genes that were differentially expressed in both shEcad and DN-Ecad cells relative to control cells (18 induced and 59 repressed; Supplementary Table S3 ). This indicated that the loss of cell-cell contacts, on its own, suffices to alter expression of this subset of cellular genes.
Among the genes significantly induced in shEcad cells relative to controls were a number of mesenchymal markers known to be associated with passage through an EMT, including N-cadherin, vimentin, fibronectin, and seven distinct collagens. In addition to these induced mesenchymal markers, 11 distinct cytokeratin genes were down-regulated in shEcad cells (Supplementary Table S1 ) relative to controls. Whereas none of the above-mentioned mesenchymal genes was induced in cells expressing DN-Ecad, we did observe down-regulation of 4 of the 11 cytokeratin genes in DN-Ecad-expressing cells.
We further analyzed these changes by testing for their association with the biological processes arrayed in the Gene Ontology (GO) database (40) . Genes most significantly downregulated in shEcad and DN-Ecad cells were, in both cases, strongly associated with cell differentiation (Fig. 5C ). Whereas the genes induced in shEcad cells were strongly associated with matrix adhesion and skeletal development, the genes induced in DN-Ecad cells were not significantly associated with any specific biological processes listed in the GO database (Fig. 5C ). This indicated that down-regulation of certain epithelial genes results directly from the dissolution of cell-cell contacts, and that the induction of mesenchymal characteristics required, in addition, the loss of the cytoplasmic domain of E-cadherin.
To directly assess the extent to which of these various cell lines had entered into a mesenchymal state, we performed hierarchical clustering on the expression data using a global metric computed on the basis of a 225-gene set capable of discriminating between mammary epithelial cells that have or have not been induced to undergo EMT by a variety of means, including the expression of the Snail and Twist transcription factors. 10 This analysis revealed that the expression profiles of the control and DN-Ecad cell lines were essentially indistinguishable with respect to these EMT-associated genes and were both indicative of cells that have not undergone an EMT (Fig. 5A) . In contrast, the expression profile of shEcad cells indicated that they had, in fact, passed through an EMT (Fig. 5A) . These findings reinforced our earlier conclusion that shEcad cells, but not DN-Ecad cells, have indeed adopted a mesenchymal cell state.
Expression of multiple transcription factors is induced on E-cadherin loss but not cell-cell disaggregation. To evaluate the contribution of h-catenin to the gene expression changes observed on E-cadherin loss, we compared the expression profile of the doubly altered cells (HMLE shEcad + shhcat) with the profile of shEcad cells. We observed that f14% of the genes (84 of 617 genes; Supplementary Table S4) that were differentially expressed in shEcad cells relative to control cells were dependent on h-catenin for their regulation. The h-catenin dependence of a number of representative genes induced or repressed by E-cadherin loss is depicted in Supplementary Fig. S6 .
Because 84% of the gene expression changes that occurred on E-cadherin loss were not dependent on h-catenin function, it was likely that other transcriptional regulators were mediating the transcriptional changes following E-cadherin loss. In fact, there were 19 transcription factors that were up-regulated >3-fold in shEcad cells relative to control cells (Fig. 5D ). Of these factors, only two were up-regulated in DN-Ecad cells, indicating that induction of the remaining 17 required the loss of the cytoplasmic tail of E-cadherin. In light of the observation that h-catenin is incapable on its own of inducing EMT, these findings further implicated one or more of these 19 factors as potential contributors to the EMT observed following E-cadherin loss.
Up-regulation of Twist on loss of E-cadherin and its functional role. The presence of the transcription factors twist and TCF8 (ZEB-1) among the set of genes highly up-regulated on E-cadherin loss was surprising (Fig. 5D ). Twist had previously been shown to be essential for the metastasis of mouse mammary tumor cells and to be expressed in a high proportion of human lobular breast cancers in correlation with E-cadherin down-regulation (22) . Twist is functionally related to a set of transcription factors, including Snail, Slug, SIP1, and ZEB-1, which are known to repress E-cadherin expression and are sufficient in various cellular contexts to induce EMTs. Based on extensive previous work, these factors are thought to act upstream of E-cadherin, and several are known to directly repress transcription of the CDH1 gene itself (20, (41) (42) (43) (44) .
The identification of Twist and ZEB-1 in our gene expression data suggested the opposite possibility-that the expression of EMT-inducing transcription factors may, under certain circumstances, be controlled by the levels of E-cadherin. We pursued this hypothesis by examining the functional consequences of Twist induction following E-cadherin loss. Analyses of twist mRNA levels by real-time RT-PCR validated the expression array data, indicating that twist was specifically up-regulated in HMLER-shEcad but not in control or DN-Ecad cells (Fig. 6A) .
To determine whether Twist expression played a functionally important role in the EMT induced upon E-cadherin loss, we superinfected shEcad cells with a lentiviral shRNA vector targeting Twist. Introduction of this shRNA vector resulted in an f5-fold decrease in Twist levels, reducing it below the basal levels present in the parental HMLER line (Fig. 6B) . Whereas Twist inhibition led to a f50% reduction of N-cadherin levels, the expression of vimentin remained largely unaffected (Fig. 6B) .
To further evaluate the functional consequences of Twist upregulation to metastasis-associated traits, we characterized the contribution of Twist to the induction of invasion and anoikis resistance following E-cadherin loss. Twist inhibition resulted in a significant reduction in the invasive behavior of shEcad cells (Fig. 6C ). In addition, sensitivity to induction of anoikis was partially restored upon Twist inhibition (Fig. 6C) . These findings indicated that Twist is an important mediator of signaling in response to E-cadherin loss and operates upstream of certain cellular functions that contribute to metastatic competence. The observed effects on motility, invasiveness, and anoikis resistance following Twist knockdown were similar to those observed on h-catenin knockdown. Because the induction of Twist was not h-catenin dependent, we concluded that these two factors may be acting in parallel to program the cellular changes observed following E-cadherin loss.
To determine if Twist was also mediating the acquisition of metastatic powers following E-cadherin down-regulation, we evaluated the metastatic ability of Twist-inhibited cells using the experimental metastasis assay. Whereas control shEcad cells were able to efficiently colonize the lung, as before, cells doubly inhibited for E-cadherin and Twist exhibited a marked decrease in the ability to do so (Fig. 6D) . Collectively, these results indicate that Twist is a crucial downstream effector of cellular functions in response to E-cadherin loss and is necessary for the metastasis of E-cadherindeficient cells.
Discussion
In this study, we show that the loss of E-cadherin has wideranging transcriptional and functional consequences for human breast epithelial cells. In fact, E-cadherin loss is sufficient to confer metastatic ability on breast cancer cells that are otherwise essentially nonmetastatic. Moreover, by using a dominant-negative E-cadherin mutant, we show that the acquisition of metastatic ability by cancer cells following E-cadherin loss is not attributable solely to the disruption of intercellular adhesion contacts. Instead, it is the additional loss of E-cadherin protein that provokes an EMT, attended by increased cellular motility, invasiveness, and resistance to apoptosis.
The mechanisms by which E-cadherin is inactivated in human tumors can be placed into two general categories: (a) those that result in the production of a nonfunctional protein and (b) those that lead to the complete absence of E-cadherin. The present results suggest that point mutations in the extracellular domain that preserve the cytoplasmic tail of E-cadherin (18) are not likely to result in an EMT or to afford functional traits that allow completion of the later steps of metastasis. In contrast, complete elimination of E-cadherin expression (occurring in human tumors via truncation mutation or locus repression/loss) results in the activation of the malignancy-associated traits listed above. Stated differently, loss of E-cadherin, in combination with certain additional oncogenic lesions, results in the acquisition of multiple functional traits that contribute to the completion of several ratelimiting steps in the invasion-metastasis cascade.
A recent study has shown that combined loss of p53 and E-cadherin in the mouse mammary gland results in metastatic tumors that, in contrast to our findings, do not exhibit a ''classic'' EMT phenotype (5) . However, in concordance with our results, cells from such tumors were highly resistant to anoikis. This suggests that differences between the mouse and human mammary glands, the cell types targeted, and the (epi)genetic constitutions of such cells may play an important role in determining the phenotypic response to E-cadherin loss.
In our human mammary epithelial cell system, the retention of the cytoplasmic tail of E-cadherin prevented EMT induction; therefore, we initially focused our efforts on proteins known to bind this cytoplasmic domain, specifically h-catenin. In addition to the release of h-catenin from cell adherens junctions, loss of E-cadherin led to inactivation of GSK3h through phosphorylation. In the future, it will be interesting to explore the signaling pathways that are induced by loss of E-cadherin to inactivate GSK3h, thus further stabilizing the released h-catenin.
Although we found h-catenin to be necessary for several aspects of E-cadherin loss-induced EMT, it was not sufficient to cause these phenotypes. Therefore, we concluded that additional signals beyond those conveyed by h-catenin must be important in transducing the downstream effects of E-cadherin loss. Others have reported that the adherens junction-associated proteins a-catenin and p120 catenin may also modulate intracellular signaling pathways (11, 12) ; however, we have been unable to find evidence for the activation of signaling pathways by either of these two proteins following E-cadherin loss (data not shown).
We therefore undertook to identify the spectrum of transcriptional changes resulting from E-cadherin loss. Expression profiling revealed that 19 transcription factors were highly induced following E-cadherin loss, all of which did not ostensibly require h-catenin for their induction. Interestingly, Twist and ZEB-1, both previously known to cause E-cadherin repression, were among the transcription factors up-regulated following E-cadherin loss (22, 44) . This means that in some cells, transient E-cadherin loss may result in the induction of its own repressors, yielding a feed-forward signaling loop whereby the EMT-induced mesenchymal state, once established, is stabilized and perhaps maintained. Thus, E-cadherin can act as a central modulator of the cell biological phenotypes and the molecular factors that govern metastatic dissemination of carcinomas.
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No potential conflicts of interest were disclosed. Figure 6 . Twist is up-regulated on loss of E-cadherin and plays a functionally important role in E-cadherin loss-induced EMT and metastasis. A, the relative levels of twist mRNA measured by real-time RT-PCR in HMLER-shEcad and DN-Ecad cells compared with shCntrl cells. Columns, mean from triplicate PCRs; bars, SE. B, expression levels of twist, vimentin, and N-cadherin in HMLER-shCntrl, shEcad, and double knockdown cells (shEcad + shTwist). h-Actin is used as a loading control. C, right, HMLER-shCntrl, shEcad, and shEcad + shTwist cells were induced to invade through Matrigel-coated transwell membranes. After 16 h, the invaded cells were fixed, stained, photographed, and counted. Columns, mean of triplicate assays, shown relative to shCntrl cell invasion; bars, SD. *, P < 0.01, compared with shEcad. Left, the percentage of apoptotic HMLER-shCntrl, shEcad, and shEcad + shTwist cells in suspension were determined by binding of FITC-conjugated Annexin V. The FACS analyses were done 24 h after suspension culture. Columns, mean number of Annexin V-positive cells expressed as a percentage of total cells; bars, SD. *, P < 0.01, compared with shEcad. D, representative fluorescence images of mouse lung lobes 8 wk after tail-vein injection of shEcad or shEcad + shTwist cells. GFP signal denotes the presence of tumor cells (left). Right, quantification of total lung metastasis burden in the same sets of mice. Columns, mean of five mice analyzed; bars, SD. *, P < 0.01.
